Abstract: This paper presents a case study of prefabricated double-layer pultruded fiber-reinforced polymer ͑FRP͒ grids for bridge deck construction. These grids were used to reinforce a 39.6 m long by 13.7 m wide ͑130 by 45 ft͒ bridge deck on US Highway 151 over the De Neveu Creek in Wisconsin. The Federal Highway Administration Innovative Bridge Research and Construction Program invested resources in this program to investigate new uses for off-the-shelf technologies in constructing highway bridges. The feasibility of modifying manufacturing techniques to create innovative double-layer, 3D pultruded, FRP grids measuring 12.9 m long by 2.4 m wide by 16.5 cm deep ͑42 ft 6 in. by 8 ft by 6 1/2 in.͒ was investigated. In addition, the feasibility of placing the grids rapidly and constructing a bridge deck was also demonstrated. The FRP grids were required to meet a prescriptive material specification and a structural performance specification. Shear connectors were designed by the manufacturer to join large top and bottom grids to form an integrated 3D reinforcing module. From a construction perspective, the reinforcement grids were designed to be moved in a single lift of a crane and placed on the bridge girders. The paper reports on the development of the FRP 3D grids and provides details on the construction aspects of the bridge project.
Introduction
The use of fiber-reinforced polymer ͑FRP͒ materials in concrete construction has long been attractive to the highway bridge industry due to the noncorrosive properties of FRP as reinforcement ͑ACI 2003͒. The use of FRP reinforcing bars in bridge decks has been documented in a number of case studies ͑Benmokrane et al. 2004; Bradberry and Wallace 2003; El-Salakawy and Benmokrane 2003͒ , and design guides have been published for the design of concrete structures reinforced with FRP bars ͓e.g., ACI ͑2003͔͒.
Numerous bridge decks have been constructed with FRP reinforcing bars over the last 10 years, but the use of large prefabricated FRP grids for reinforcing bridge decks has not been as widely studied. NEFMAC grids have been used to reinforce bridge decks ͑Steffen et al. Benmokrane et al. 2004͒ , but such grids are produced in relatively small-sized, single-layer panels, typically in the range of 1 ϫ 5 m ͑3.3ϫ 16.4 ft͒ each. In addition, NEFMAC grids are single-layer grids, such that the bottom and top reinforcing layers have to be placed separately and overlapped for splicing, and thus are similar to conventional steel or FRP rebars.
In this project, very large prefabricated FRP grid systems that included integrally connected top and bottom bar mats ͑pultruded grid panels͒ were fabricated to span the full transverse 13.7 m ͑45 ft͒ width of a bridge deck. These 3D grid panels were constructed with integral "chairs" and with integrally formed overlapping splice sections. This is the first use of pultruded grids as the sole reinforcing system for a highway bridge deck, as well as the first use of such large prefabricated 3D FRP reinforcing grids. Prior research conducted in the 1990s demonstrated the suitability of using pultruded FRP grids as reinforcements for bridge decks ͑Bank et al. 1992 ͑Bank et al. , 1993a ͑Bank et al. ,b, 1995 Anderson et al. 1994͒ .
The fabrication method for the large 3D grid reinforcing panels is described next. The load tests conducted on concrete slabs reinforced with the 3D grid panels are briefly reviewed, and the material and structural performance specifications developed for the bridge grids are presented. A description of the construction process and the costs of the system, compared with a steel-reinforced deck constructed at the same location, are also presented.
Fabrication of Double-Layer Pultruded Grids
Each 3D FRP double-layer grid panel is 12.9 m long by 2.4 m wide by 16.5 cm deep ͑42 ft 6 in.ϫ 8 ftϫ 6 1/2 in.͒. Fig. 1 shows a 3D grid panel being moved. The grids were fabricated from 3.8 cm ͑1-1/2 in.͒ pultruded I-bars, three-part cross rods, and twopart shear connectors. Both the 3.8 cm ͑1-1/2 in.͒ I-bar spacing and the cross-rod spacing were 10.2 cm ͑4 in.͒ on center. The top and bottom layers were offset to provide an overlap between panels in the field. Cross-sectional details of the double-layer grid panels are shown in Fig. 2 . Previously, standard-production, single-layer grids have been manufactured to a maximum size of 1.5 m ͑60 in.͒ wide by 6.1 m ͑240 in.͒ long. The very large double-layer panel created manufacturing and handling challenges that the fabricator had to overcome.
The challenge is in assembling the large 3D panel. Two 12.9 m by 2.4 m ͑510 in. by 84 in.͒ grids forming the top and bottom reinforcing layers were offset 30.5 cm ͑12 in.͒ and connected with shear connectors. The spacing for the shear connectors is 91.4 cm ͑36 in.͒ on center along the I-bars and a maximum of 61 cm ͑24 in.͒ transverse to the I-bars. The shear connectors are custom manufactured from rectangular FRP bars. The contour of the I-bar profile is cut out of the rectangular bar using a computer numerical control machine so that when two of these bars were clamped together, they gripped the I-bar. The two sides of the shear connector are then bonded together with epoxy and fastened with a 9.5 mm ͑3/8 in.͒ FRP bolt and nut. Fig. 3 shows details of the shear connector, and Fig. 4 shows the panel during fabrication in the layup area.
One double-layer grid was manufactured per day, and the panels were picked up using a 7.3 m ͑24 ft͒ spreader bar. The design of the shear connectors attaching the two layers together resulted in very little deflection when the assembled panels are lifted up and placed on a flatbed truck.
Testing of Grid-Reinforced Concrete Slabs

Experimental Program
Before the new reinforcing grids were used in construction of a bridge deck, they were proven through laboratory testing. A series of full-scale concrete deck specimens containing the double-layer grid system were tested at the University of Wisconsin ͑UW͒-Madison's Structures and Materials Testing Laboratory ͑SMTL͒ as a means of demonstrating the structural adequacy and acceptable performance of the system ͑Jacobson et al. 2004͒ . The selected test configurations, including span, support conditions, and load application, were conservative representations of an actual bridge deck to be constructed on US Highway 151 over De Neveu Creek in Wisconsin. Of particular interest during the course of the testing were the performance of the deck through the typical bridge service load range, the ultimate capacity of the deck, the deck failure modes, and the fatigue performance of the FRP reinforcement system.
The bridge deck for De Neveu Creek was designed using a flexural approach, as outlined in the AASHTO Standard Bridge Design Specifications ͑AASHTO 2002͒. The critical failure mode of decks when subjected to vehicular wheel loads in lab tests, however, is often identified as punching shear, not flexural failure. So while the bridge deck and deck test specimens were designed for flexure, the laboratory testing concentrated on the punching shear capacity and performance of the FRP-reinforced deck system.
Deck Panel Test Specimens
Five deck panel specimens were constructed. Each was 20.3 cm ͑8 in.͒ thick, with Specimens 1 to 3 measuring 2 mϫ2.3 m ͑6.5 ftϫ7.5 ft͒, and Specimens 4 to 5 measuring 2 mϫ4.3 m ͑6.5 ftϫ14 ft͒. All but one of the test specimens were cast outdoors at a commercial precasting plant in northern Wisconsin; Specimen 5 was cast indoors, at UW-Madison's Laboratory, and made composite with a portion of 1.4 m ͑54 in.͒ deep wide flange Size 1 ͓19 mm ͑3/4 in.͒ maximum aggregate size͔ concrete design mix, having a 28-day target compressive strength of 27.6 MPa ͑4,000 psi͒, was specified for all test specimens.
Because of their limited size, adjacent bridge grids are spliced together by means of a nonmechanically connected 30.5 cm ͑12 in.͒ overlap ͑Figs. 2 and 5͒. The lap-splice region was identified as the critical strength region of the proposed bridge deck. A splice was specifically placed in the test specimens near where the concentrated load, simulating a wheel, is applied in the tests.
Test Setup, Instrumentation, and Loading
Test Specimens 1 to 3 were placed on two concrete support blocks spaced 2 m ͑6.5 ft͒ center to center in a simply supported configuration. The head of the load actuator was centered on the test specimens ͑Fig. 6͒, and bearing pads measuring 15.2 cm ͑6 in.͒ in width were placed on the centerline of the support blocks. Thus, the clear span of the specimens was 1.8 m ͑6 ft͒, and the center-to-center distance from one bearing area to the other was 2 m ͑6.5 ft͒. Specimens 4 and 5 were set up to simulate the rotation restraint at supports of a continuous span configuration where a deck extends over girders. Fig. 7 shows the setup for Specimen 5 with deck continuity over two interior supports. Specimen 4 was centered upon two concrete support blocks spaced 2 m ͑6.5 ft͒ center to center, which left overhangs of 1.1 m ͑3.75 ft͒ to the outside of each support. Bearing pads were cast between the test specimen and the support blocks to achieve uniform bearing, resulting in a 1.8 m ͑6 ft͒ clear span.
Specimen 5 was cast over the upper portions of two wideflange concrete precast girders ͑Wisconsin 54W, 1.4 m ͑54 in.͒ deep͒, the same girder section to be used on the De Neveu Creek bridge. The girder sections measured 2 m ͑6.5 ft.͒ long, with partially roughened 1.2 m ͑48 in.͒ wide top flanges, and had shear stirrups extending approximately 15.2 cm ͑6 in.͒ out of the centerline of the top flange. The girder supports were aligned and spaced 2 m ͑6 ft, 5 in.͒ from centerline to centerline, the same girder spacing proposed for the bridge. Due to the wide flanges at the tops of the girders, the actual clear span for the deck slab between the flanges was 73 cm ͑2 ft, 5 in.͒ At their ends, test Specimens 4 and 5 extended beyond the two supports, the overhanging parts tied to the structural floor to restrain against upward displacement. This configuration was intended to better model actual bridge conditions, compared to simple supports, and to study the impact of slab flexural end restraint on punching shear capacity. The tie-down did not exactly model conditions for a particular bridge, but created a moment variation in the test deck close to that of a bridge with wheel loading. The test setups for the continuous slab tests are shown in Figs. 8 and 9.
Deflection measurements were taken with linear variable differential transformers ͑LVDTs͒ and strain potentiometers. Load cells measured all loads applied to the specimens, and FRP and concrete material strains were recorded using electrical resistance strain gauges. Test loading was applied using a 889 kN ͑200 kip͒ capacity closed-loop servohydraulic actuator, which was mounted vertically in a heavy steel frame bolted to a structural floor. A single patch load was applied to the center of each specimen ͑and span͒ using a 3.8 cm ͑1.5 in.͒ thick steel plate, which was bolted to the hydraulic load actuator head. A 5 cm ͑2 in.͒ thick neoprene rubber bearing pad was used between the steel load plate and the specimen to help distribute the load evenly over the desired load area.
Each specimen was subjected to manually controlled monotonic loading until failure. Prior to the initiation of the ultimate capacity test, several monotonic service load cycles were run to document the cracking loads and behavior of the specimen through a service range of loads 0 to 92 kN ͑0 to 20.8 kip͒.
In addition, one of the simply supported specimens ͑Specimen 1͒ was subjected to fatigue cycling prior to the ultimate capacity portion of the test. The fatigue cycling was performed as a sinusoidal wave load function ͑at 3 Hz͒ peaking at 20 kN ͑4.4 kip͒ and 91 kN ͑20.4 kip͒ with a 71 kN ͑16 kip͒ range. The 91 kN ͑20.4 kip͒ fatigue load was considered generally representative of the fatigue loads that the actual bridge deck may experience and represents a wheel force equal to the AASHTO design wheel load with an impact factor. The load was not allowed to reach zero in order to prevent movement of the rubber pad between the actuator and the deck surface. A total of two million load cycles were conducted to simulate the fatigued condition of a bridge deck. 
Results of Laboratory Testing
At a loading equal to the AASHTO 71 kN ͑16 kip͒ truck wheel load, the first simple-span deck ͑Specimen 1͒ exhibited 0.4 mm ͑0.017 in.͒ deflection at midspan. The simultaneous strain in the bottom FRP flexural I-bars reached 17 microstrain at a point 18% of the span length from center span. First visible cracking developed at an average load of 79 kN ͑17.8 kip͒ in the simply supported slabs and levels of 231 kN ͑52 kip͒ and 710 kN ͑160 kip͒ in Specimens 4 and 5. During the fatigue testing of Specimen 1 the FRP I-bar strains were only in the range of 22 microstrain.
The FRP-reinforced deck accommodated design service loads with a considerable factor of safety against failure. Structural adequacy can be demonstrated by comparing test capacities to AASHTO HS20-44 design truck service loads 71 kN ͑16 kip͒. Safety factors of greater than 7 were achieved in the simply supported tests, while simulated multispan tests with end restraint yielded safety factors greater than 10. Table 1 gives the ultimate capacity loads for each specimen. The ultimate capacities of the simply supported slab tests ͑Speci-mens 1-3͒ correlated very well with each other; average capacity was 534 kN ͑120.23 kip͒ with a maximum difference of 1.2%, even though Specimen 1 had experienced 2,000,000 cycles of fatigue load prior to being tested to failure. Load versus center span vertical deflection is plotted in Fig. 10 for the tests listed in Table 1 . The strain in the bottom FRP flexural I-bars reached 2,600 microstrain, or just over 15% of the bar's ultimate strain capacity, when failure occurred in the simple span decks.
Ultimate capacity of the flexurally restrained test Specimens 4 and 5 was over 34% higher than the simply supported Specimens 1 to 3. The two flexurally restrained specimens yielded different results from one another as well. Specimen 4 failed at an ultimate capacity of 721 kN ͑162.2 kip͒, while Specimen 5 ͑with actual wide-flange girder supports͒ withstood an applied load of 893 kN ͑201 kip͒ without showing obvious signs of impending failure. Unfortunately, the load actuator's capacity was reached and total failure was never achieved in Specimen 5. The load on Specimen 5 reached 124% of that on Specimen 4. Assuming that the shear punching strength is proportional to the square root of concrete strength, Specimen 5 would be expected to have 124% of the strength measured in Specimen 4. A complete description of the test results are described by Jacobson ͑2004͒.
By observation of crack patterns and the general physical state of the specimens after they were loaded to their ultimate capacities, the failure mechanism in all specimens was identified to be punching shear. In each case, the failure plane in punching occurred through the lap-splice region of the FRP-reinforcement grid. Once a punching failure had begun, the splice would allow the specimen to peel apart at that region ͑there being no mechanical fasteners between spliced FRP reinforcement grids͒; this peel behavior was less pronounced in Specimen 4 due to the flexurally restrained nature of the specimen ends. In addition, the punching pattern in Specimen 4 was more defined and more localized in comparison to the simply supported tests. A Fig. 10 . ͑Color online͒ Load plotted with vertical displacement data from ultimate strength tests saw-cut surface through a shear punching region is shown in Fig. 11 , with the punched-out portion of concrete visible below the loaded area.
Accelerated fatigue cycling was performed on the simply supported test Specimen 1 to ascertain whether or not the fatigued condition would have any effect on slab stiffness. Fatigue cycling did not seem to have any apparent effect on the deck or the performance of the FRP reinforcement grid system, as residual deflections and stiffness loss due to fatigue cycling were minimal. This conclusion is substantiated by a close correlation in stiffness and nearly identical punching shear capacity in Specimens 1 to 3.
Material and Performance Specifications for Double-Layer Pultruded Grids
A set of specifications, the special provisions, were written as part of the contract documents for the De Neveu bridge. The special provisions for the FRP double-layer grids included a section related to the FRP reinforcement. This section was divided into two parts: ͑1͒ a materials specification for the individual pultruded parts of the grid, and ͑2͒ a performance specification for the entire double-layer grid system.
The materials used to manufacture the grids were classified into three categories-GV-1, GV-2, and GV-3-based on the ratio of glass to resin in the FRP composite. The cross rods were classified as GV-1, the I-bars as GV-2, and the shear connectors as GV-3. All parts were pultruded with an E-glass fiber and vinylester resin system ͑hence the designation GV, for glassvinylester͒. Fourteen different tests were required on each part to meet the specified values in the bridge project special provisions. The material specification required the manufacturer to report constituents ͑Table 2͒ and to meet limiting mechanical and physical values ͑Table 3͒ for the three separate parts of the grids-the I-bars ͑GV-2͒, the cross rods ͑GV-1͒, and the shear connectors ͑GV-3͒. The manufacturer was required to perform all tests and provide certified test reports that the materials met or exceeded the specifications. The material specification followed a model specification for FRP for highway structures previously developed ͑Bank et al. 2003͒ .
Defining specifications for the physical and mechanical material properties of pultruded FRP components was relatively straightforward, but following the same process for the entire FRP double-layer grid system could have been severely restrictive. A performance specification was selected as the best means of allowing manufacturers to fabricate their individual pultruded components into a double-layer FRP reinforcement system. The only specified section quantity was the total cross-sectional area of FRP that had to be placed in the top and bottom layers, as well as limits on the maximum and minimum spacing between the grid bars.
The double-layer grid system, however, had to possess a set of properties that would allow it to resist typical loads that could be placed on it during construction and before the concrete hardened; those properties provided the basis for defining a set of performance specifications. The construction loads that could be expected to occur included a large equipment ͑point͒ load that could be placed on a small area, the weight of construction workers walking on the surface of the double-layer grid during concrete placement, and lateral forces that may be applied to the top surface of the grid as workers pushed material or equipment laterally. The grid also had to be able to be moved by a crane and set into place without damage. The crane lifting criteria could be met if the manufacturer checked that the grid could be moved without damage by lifting with four simultaneous pickup points.
The four performance criteria used to evaluate behavior are defined in Table 4 . As an example, Fig. 12 shows the specific form of the test condition for the second loading listed in Table 4 . The manufacturer was required to submit test verification reports for each criterion. 
Construction of De Neveu Bridge with Double-Layer Grids
The 19 FRP double-layer grids were prefabricated in a controlled shop environment, as described previously, and delivered to the site on two flatbed trucks. The grids were hoisted to the deck in groups of four; then four workers on the deck performed the final placement of each grid. Fig. 13 shows a grid panel being placed using the crane. Four workers and a crane operator placed all the grids in 10 h; once the stacks of four grids were on the deck, the placing time per grid was measured and averaged 11 min. Fig. 14 shows the entire deck reinforcement system. The parapet wall, installed later, was reinforced using epoxy-coated steel. During the concrete placement the workers preferred the more stable work surface of the FRP reinforcing system to the epoxycoated steel system, which was used in an identical twin bridge at the same site. The concrete pours on the FRP bridge and the steel bridge were carried out in a similar manner. Table 5 compares the construction costs of the FRP bridge with those of the twin steel bridge. The total costs of the bridges include labor and material costs. With all other costs of the bridges being approximately equal, the deck costs and labor hours are shown separately. The bridge cost should not be relied upon to compare the systems, since the contractor was unfamiliar with the system and the bid on the FRP deck likely did not reflect the major decrease in labor time. It is clear that while the FRP material is more expensive, the labor hours spent installing it are less than half those for steel. The material costs for reinforcing alone were $242/ m 2 ͑$22.5/ ft 2 ͒ and $33/ m 2 ͑$3.05/ ft 2 ͒ for the FRP and steel, respectively.
Load Testing
Load testing was conducted on the completed bridge in September 2004 and reported by Conachen ͑2005͒. Fig. 15 shows a load test in progress. Results of the load test showed a maximum midspan deflection for the bridge of 12 mm ͑0.5 in.͒ when loaded by six 75 kip ͑334 kN͒ dump trucks, two per lane. This represents a desirable deflection-to-span ratio of 3,120. AASHTO recommends a minimum limit of 800 for bridge superstructures loaded with a single design truck of 72 kip ͑329 kN͒ in each lane. The bridge will continue to be monitored and load tested for the next 5 years by the Wisconsin Department of Transportation. 
Conclusions
The use of extremely large double-layer prefabricated, pultruded FRP grids to reinforce concrete bridge decks is demonstrated in this highway project. The entire bridge slab reinforcement system was placed in 10 h with a crane and four construction workers. This quick placement time demonstrates the potential for rapid bridge construction using large prefabricated FRP reinforcements. The cost of the FRP materials could be appreciably reduced if a better connection between the FRP grid layers was developed. The connectors used by the manufacturer were custom fabricated and represented 30% of the entire FRP material cost but for a small amount of the material volume. With an improved connection, the overall in-place cost of the deck could be much closer to that of a steel reinforced deck.
The project was a success because of close cooperation between all parties and significant preproject planning and coordination in the development of the material and performance specifications for the double-layer pultruded grids. These specifications were included in the special provisions of the project contract documents.
